Mitochondrial GTP Regulates Glucose-Stimulated Insulin Secretion  by Kibbey, Richard G. et al.
Cell Metabolism
ArticleMitochondrial GTP Regulates
Glucose-Stimulated Insulin Secretion
Richard G. Kibbey,1 Rebecca L. Pongratz,1 Anthony J. Romanelli,1 Claes B. Wollheim,4 Gary W. Cline,1
and Gerald I. Shulman1,2,3,*
1Department of Internal Medicine
2Department of Cellular & Molecular Physiology
3Howard Hughes Medical Institute
Yale University School of Medicine, New Haven, CT 06520, USA
4Department of Cell Physiology and Metabolism, University Medical Center, CH-1211 Geneva 4, Switzerland
*Correspondence: gerald.shulman@yale.edu
DOI 10.1016/j.cmet.2007.02.008SUMMARY
Nucleotide-specific isoforms of the tricarbox-
ylic acid (TCA) cycle enzyme succinyl-CoA syn-
thetase (SCS) catalyze substrate-level synthe-
sis of mitochondrial GTP (mtGTP) and ATP
(mtATP). While mtATP yield from glucose me-
tabolism is coupledwith oxidative phosphoryla-
tion and can vary, eachmolecule of glucoseme-
tabolized within pancreatic b cells produces
approximately onemtGTP,makingmtGTPapo-
tentially important fuel signal. In INS-1 832/13
cells and cultured rat islets, siRNA suppression
of the GTP-producing pathway (DSCS-GTP)
reduced glucose-stimulated insulin secretion
(GSIS) by 50%, while suppression of the ATP-
producing isoform (DSCS-ATP) increased GSIS
2-fold. Insulin secretion correlated with in-
creases in cytosolic calcium, but not with
changes in NAD(P)H or the ATP/ADP ratio.
These data suggest a role for mtGTP in control-
ling pancreatic GSIS through modulation of
mitochondrial metabolism, possibly involving
mitochondrial calcium. Furthermore, in light of
its tight coupling to TCA oxidation rates, mtGTP
production may serve as an important molecu-
lar signal of TCA-cycle activity.
INTRODUCTION
Mitochondria generate a transmembranepotential (DJ) by
oxidation of carbon-based substrates in the TCA cycle. In
pancreatic b cells, a portion of this potential generates ATP
via oxidative phosphorylation that increases the ATP/ADP
ratio, followed by closure of the KATP channel, activation
of voltage-dependent calcium channels (VDCCs) in the
plasma membrane, and (canonical) glucose-stimulated
insulin secretion (GSIS). The success of sulphonylurea
reagents as pharmacologic potentiators of insulin secre-
tion, as well as the finding that mutations in the humanCKATP/SUR channel can lead to hyperinsulinemic hypogly-
cemia or type 2 diabetes mellitus, underscores the impor-
tance of this channel in the regulation of GSIS. Recently,
glucose-induced oscillations in cytosolic calciumwith cor-
responding insulin release were described in mice lacking
KATP channels, questioning the central role of these
channels in physiologic insulin secretion (Szollosi et al.,
2007). The discovery of KATP-independent (noncanonical),
as yet incompletely characterized mechanisms of GSIS
clearly indicates roles for other essential signals in this
process (MacDonald et al., 2005).
Since b cell mitochondria couple glucosemetabolism to
insulin secretion, a seminal question is how intramitochon-
drial fuel metabolism is ‘‘sensed.’’ Observations in chil-
dren with hyperinsulinemia-hyperammonemia syndrome
have suggested a potentially important role for mitochon-
drial GTP (mtGTP) as such a metabolism sensor. These
patients harbor mutations that impair GTP-mediated inhi-
bition of the mitochondrial enzyme glutamate dehydroge-
nase (GDH) (MacMullen et al., 2001). Such mutations are
associated with inappropriate hypersecretion of insulin
and consequent hypoglycemia following protein-rich
meals (Kelly and Stanley, 2001). Thus, impaired regulatory
activity of mtGTP is clearly associated with an insulin se-
cretory defect in humans. In addition to its control of
GDH, we hypothesized that mtGTP might have a broader
regulatory role within the matrix to control insulin
secretion.
Both ATP and GTP are metabolically generated in the
matrix, but their origins and fates in the mitochondrial
matrix differ substantially. Mitochondrial ATP (mtATP) is
produced predominantly by oxidative phosphorylation
and thus is dependent on the DJ generated primarily
from NADH oxidation (Figure 1A). Only a small fraction of
ATP is directly formed in the TCA cycle by the ATP iso-
forms of succinyl-CoA synthetase (SCS-ATP). The tight-
ness of coupling between DJ and ATP synthase deter-
mines the efficiency of ATP synthesis. In principle,
between 1 and 29 mtATP are generated per molecule of
glucose metabolized since DJ can perform work other
than ATP synthesis (e.g., heat production, protein import,
ion pumping, free-radical generation, and matrix swelling
and shrinkage). Unlike the widely varying synthesisell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Inc. 253
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tively limited due to the rapid export of mtATP to the cyto-
sol via the ATP/ADP transporter (AAT). Thus, at least
Figure 1. Schematic of mtGTP Production
(A) Pyruvate from glycolysis supplies carbon to the TCA cycle that is
subsequently metabolized to succinyl-CoA. Succinyl-CoA is enzymat-
ically converted to succinate and either ATP by SCS-ATP or GTP by
SCS-GTP.
(B) SCS-ATP silencing (DSCS-ATP) leads to diversion of TCA flux
through SCS-GTP to increase mtGTP.
(C) SCS-GTP silencing (DSCS-GTP) reduces flux through SCS-GTP,
resulting in lower mtGTP production.254 Cell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Incwithin the matrix, ATP production rates do not necessarily
reflect rates of glucose oxidation. In distinct contrast,
mtGTP is only metabolically generated by the GTP-
specific isoform of SCS (SCS-GTP) with each subsequent
turn of the TCA cycle. Assuming similar fluxes through
each isoform, approximately one molecule of mtGTP
will be generated per molecule of glucose oxidized, irre-
spective of the tightness of mitochondrial coupling. As
a consequence of slow cytoplasmic exchange, metabo-
lism-induced mtGTP is trapped in the matrix, and in-
creases in GTP/GDP are much more substantial than
mtATP (Ottaway et al., 1981; Smith et al., 1974). Thus,
mtGTP production is well poised to reflect TCA-cycle
activity.
SCS catalyzes the reversible conversion of succinyl-
CoA to succinate and CoA, with the generation of a purine
triphosphate in the process. The two SCS isoforms share
a common a subunit but have distinct b subunits. The
b subunit confers the adenine and guanine specificities
and, with the exception of the nucleotide-binding site, is
highly conserved in sequence, structure, and activity
(Fraser et al., 2000; Johnson et al., 1998; Weitzman
et al., 1986;Wolodko et al., 1994). The ratio of isozyme ac-
tivities varies with tissue type but is similar in clonal b cell
lines (Johnson et al., 1998; Kowluru, 2001; Weitzman
et al., 1986). In order to test the hypothesis that mtGTP
is an intramitochondrial signal of TCA-cycle activity, which
in turn mediates GSIS, we selectively knocked down the
expression of the ATP- and GTP-generating isoforms of
SCS using siRNA-mediated silencing in INS-1 832/13 cells
and rat islets and assessed the impact of these perturba-
tions on energy metabolism and GSIS.
RESULTS
siRNA Knockdown of SCS-ATP and SCS-GTP
in INS-1 832/13 Cells and Rat Islets
In order to influence metabolism-induced changes in
mtGTP, cells and islets were transfected with siRNA to
silence each of the SCS isoforms that operate in parallel
in the TCA cycle. By silencing SCS-ATP (DSCS-ATP),
mtGTP production rates would be expected to increase
by diversion of succinyl-CoA generated by oxoglutarate
dehydrogenase to SCS-GTP (Figure 1B). Likewise, si-
lencing of SCS-GTP (DSCS-GTP) would lead to dimin-
ished mtGTP production (Figure 1C). Unlike mtATP, si-
lencing will primarily influence mtGTP because mtGTP
is trapped within the matrix. Baseline mRNA message
for SCS-GTP compared to SCS-ATP was 6.0 ± 0.4 times
greater in INS-1 832/13 cells and 6.1 ± 1.2 times greater
in rat islets. Forty-eight hours following siRNA transfec-
tion, SCS-ATP mRNA decreased by 50% and SCS-
GTP mRNA by 90%, while the untargeted isoform was
not effected (Figure 2A). Similar results were observed
with a second set of siRNAs to nonoverlapping mRNA
sequences, and a nonspecific siRNA had no effect on
either isoform (data not shown). When cultured rat islets
were transfected with the first set of siRNAs, the ATP
isoform was suppressed by 30% and the GTP isoform.
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(A and B) Fold change in SCS-ATP (white) and SCS-GTP (black) in INS-1 832/13 cells (n = 4) (A) and rat islets (n = 5) (B) 48 hr following transfection with
siRNA against SCS-ATP or SCS-GTP. In this and all other figures, error bars represent ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 versus control by
ANOVA.
(C and D) Ratio of SCS-GTP to SCS-ATP enzyme activities in mitochondrial extracts (C) and intact mitochondria treated with 10 mg/ml oligomycin and
100 mM DNP (D) isolated from control (red), DSCS-ATP (blue), and DSCS-GTP (green) cells (n = 3).by 50% (Figure 2B). This degree of silencing was less
compared to INS cells and was accompanied by a signif-
icant increase in the message of the untargeted isoform
such that the SCS-ATP/SCS-GTP mRNA ratios were
similar for cultured cells and islets. To confirm that the
effects of mRNA silencing also occurred at the protein
level, enzyme activities of each isoform were measured
in mitochondrial lysates from transfected INS cells
(Figure 2C). Following siRNA-mediated silencing of
SCS-ATP, the ratio of SCS-GTP/SCS-ATP activity in-
creased 50%, while silencing SCS-GTP reduced the ratio
by half.
In order to examine whether SCS silencing influenced
substrate-level nucleoside triphosphate synthesis within
the mitochondrial matrix, oligomycin and dinitrophenol
(DNP) were added to intact mitochondria from INS cells
(Figure 2D). Oligomycin inhibits ATP synthesis by the
F1F0 ATP synthase, and DNP uncouples DJ that both re-
duces ATP synthesis and relieves feedback inhibition from
accumulation of reduced NADH. The GTP/ATP synthesis
rate in mitochondria from DSCS-ATP cells measured in
this manner exhibited a trend toward an increase, while
there was a 55% reduction in the GTP/ATP rate from
DSCS-GTP mitochondria, again confirming the effect of
silencing.CmtGTP Regulates Insulin Secretion
in INS-1 832/13 Cells and Rat Islets
Mitochondria are central to the mechanism of GSIS by
both canonical and noncanonical pathways. To assess
the significance of mtGTP as an intramitochondrial energy
sensor, GSIS was measured in INS-1 832/13 cells and rat
islets following silencing. SCS silencing modestly altered
basal insulin secretion, with secretion variably elevated
for DSCS-ATP and variably decreased for DSCS-GTP in
INS cells (Figure 3A). The enhanced basal secretion of
DSCS-ATP cells was suppressed to control levels with
250 mMdiazoxide (data not shown). Themost pronounced
impact of mtGTP on insulin secretion was observed 90
min after stimulation with 15 mM glucose. GSIS in
DSCS-ATP cells nearly doubled, while inDSCS-GTP cells,
secretion was reduced 50%. The same observations were
made when the difference between basal and stimulated
secretion was compared (Figure 3B). Similar results
were also observed using a second set of siRNAs against
each isoform, while a nonspecific siRNA had no effect,
and KCl-induced secretion in DSCS-GTP cells was indis-
tinguishable from that of controls (data not shown). The
potent salutary effect of mtGTP on insulin secretion was
also confirmed in cultured rat islets (Figures 3C and 3D).
The same bidirectional response to glucose occurredell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Inc. 255
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Mitochondrial GTP Regulates Insulin SecretionFigure 3. Stimulated Insulin Secretion in SCS Isoform-Silenced INS Cells and Rat Islets
Static insulin secretion assays were performed in INS-1 832/13 cells (n = 8) (A and B) or rat islets (n = 6, with11 islets/replicate) (C and D) for 90 min
following siRNA transfection in 3 mM (white) and 15 mM (black) glucose. (B) and (D) show the difference in insulin secretion between basal and stim-
ulated states for each group. *p < 0.05; **p < 0.01; ***p < 0.001 versus control by ANOVA. Basal versus stimulated insulin secretion was statistically
significant (t test) for all groups unless otherwise indicated (n.s. = not significant).despite reduced silencing in islets, emphasizing the im-
portance of the mtGTP signal to normal GSIS.
mtGTP-Mediated Insulin Secretion Is Coupled
to Cytosolic Calcium
Because cytosolic calcium triggers insulin secretion in
both canonical and noncanonical pathways, the effects
of SCS silencing were assessed on stimulated cytosolic
calcium. The average basal and stimulated cytosolic cal-
cium assessed by fura-2 AM correlated directly with insu-
lin secretion: there were large increases in both basal and
stimulated calcium in DSCS-ATP cells, and no stimulated
change for DSCS-GTP cells (Figures 4A and 4B). Remov-
ing extracellular calcium completely blocked GSIS
(Figure 4C). Diazoxide, which maintains the KATP channel
in the open configuration, completely inhibited GSIS in
control cells and substantially reduced GSIS in DSCS-
ATP cells, indicating that mtGTP-mediated effects were
dependent at least in part on plasma membrane depolar-
ization. Nifedipine, a potent inhibitor of plasma membrane
L-type VDCCs, reduced insulin secretion by 56% ± 4% in
controls and 36% ±13% in DSCS-ATP cells (Figure 4D). In256 Cell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Incontrast, verapamil, an inhibitor of both the VDCCs and
ryanodine receptors (RYRs), more potently reduced insu-
lin secretion inDSCS-ATP cells (84%±5%) but had no ad-
ditional effect on control cells, suggesting that enhanced
mtGTP signaling also requires mobilization of intracellular
calcium stores (Valdivia et al., 1990).
mtGTP-Mediated Insulin Secretion Is Noncanonical
Two components define canonical insulin secretion: first,
mitochondrial metabolism leads to an increase in ATP
and the ATP/ADP ratio, and second, this increase leads
to closure of the KATP channel, with subsequent depolar-
ization activation of VDCCs. To assess glucose-stimu-
lated KATP-independent insulin secretion, cells were
treated with diazoxide and then depolarized with 30 mM
KCl in the presence of 3 or 15 mM glucose (Figure 5A).
Basal and stimulated insulin secretion were enhanced in
the DSCS-ATP cells despite pharmacological elimination
of the KATP channels.
The expected increases in whole-cell ATP concentra-
tion ([ATP]), GTP concentration ([GTP]), ATP/ADP ratio,
and GTP/GDP ratio were observed with glucosec.
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Mitochondrial GTP Regulates Insulin SecretionFigure 4. mtGTP-Mediated Insulin Secretion Is Cytosolic Calcium Dependent
(A) Cytosolic calcium concentration determined by fura-2 AM labeling of control,DSCS-ATP, and DSCS-GTP INS cells following 30min of stimulation
with 3 mM (white) or 15 mM (black) glucose (n = 10). *p < 0.05; **p < 0.01; ***p < 0.001 versus control by two-way ANOVA unless otherwise indicated.
xp < 0.05; xxp < 0.01; xxxp < 0.001 versus stimulated.
(B) The ratio of 340 nm/380 nm fluorescence over time of control (red square), DSCS-ATP (blue triangle), and DSCS-GTP (green circle) cells loaded
with fura-2 AM and stimulated with either 3 mM (dashed line) or 15 mM (solid line) glucose (n = 8).
(C and D) Insulin secretion in control (red) and DSCS-ATP (blue) cells in basal or stimulatory media plus 250 mM diazoxide or 3 mM EGTA for 45 min
(n = 6) (C) or plus 20 mM nifedipine or 100 mM verapamil for 2 hr (n = 6) (D).stimulation of control cells (Figures 5B–5D). Except for
a lower basal [ATP], similar results were seen in [ATP],
[GTP], ATP/ADP, and GTP/GDP in DSCS-GTP cells de-
spite poor GSIS. DSCS-ATP cells, on the other hand,
had reduced basal and stimulated nucleoside triphos-
phate levels and triphosphate/diphosphate ratios and
lacked a significant increase following stimulation despite
enhanced insulin secretion. These changes, in particular
for DSCS-ATP cells that have enhanced insulin secretion,
are inconsistent with changes in [ATP] and ATP/ADP pre-
dicted by the canonical mechanism, which requires an in-
crease in the ATP/ADP ratio to close KATP channels.
mtGTP Influences Mitochondrial Energy
Consumption and DJ
Glucose-stimulated changes in oxygen consumption,
cellular NAD(P)H, and DJ were investigated to identify
metabolic links between mtGTP and cytosolic calcium.
Cellular oxygen consumption rates are indicative of mito-
chondrial electron transport rates up to complex IV prior to
ATP synthesis by F1F0 ATP synthase. Oxygen consump-
tion was not adversely affected by silencing of either SCSCisoform, confirming that SCS isoforms operate in parallel
in the TCA cycle (Figure 6A). Glucose stimulation in-
creased oxygen consumption by20% in control, DSCS-
ATP, and DSCS-GTP cells. The hyperresponsive DSCS-
ATP cells, however, had significantly elevated basal and
stimulated oxygen consumption compared to control
cells, reflecting higher overall rates of fuel consumption.
Similar increases in basal oxygen consumption and basal
insulin secretion have also been previously observed in
MIN6 cells lacking SIRT4 (Haigis et al., 2006). Reduced
pyridine nucleotides supply the electron transport chain
to generate DJ and consume oxygen. Basal concentra-
tions of NAD(P)H measured by autofluorescence in living
cells were all similar (Figure 6B). Glucose-stimulated
NAD(P)H was 35% lower in DSCS-ATP cells compared
to stimulated control and DSCS-GTP cells, consistent
with the observed increased oxygen consumption rates.
A concordant increase in DJ was observed in glucose-
stimulated control cells as measured by TMRE fluores-
cence (Figure 6C). In contrast to the increased rates of
oxygen consumption, DJwas not augmented by glucose
in the DSCS-ATP cells, consistent with an increasedell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Inc. 257
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Mitochondrial GTP Regulates Insulin SecretionFigure 5. mtGTP Is a Noncanonical Signal for GSIS
(A) Insulin secretion following stimulation for 45 min with 15 mM glucose ± 30 mM KCl and 250 mM diazoxide (n = 6) for control (red) and DSCS-ATP
(blue) cells (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001 versus control (A and B) or versus the basal state (C and D) by t test or two-way ANOVA unless
otherwise indicated.
(B) Whole-cell concentration of GTP (white) and ATP (black) from control, DSCS-ATP, and DSCS-GTP cells in 3 mM (open) and 15 mM (hatched)
glucose (n = 12).
(C and D) Ratios of ATP/ADP (C) and GTP/GDP (D) from control, DSCS-ATP, and DSCS-GTP cells in 3 mM (white) and 15 mM (black) glucose (n = 12).expenditure of the energy of oxidation. Furthermore, while
DSCS-GTP cells had oxygen consumption similar to con-
trol cells, DJ was significantly increased, suggesting
lower DJ expenditure.
mtGTP Influences Oxidative Phosphorylation
and Mitochondrial Calcium
Either increased ATP consumption or reduced ATP pro-
duction could account for reduced cellular purine triphos-
phates in the setting of increased oxygen consumption,
increased NAD(P)H oxidation, and DJ expenditure ob-
served in the hypersecreting DSCS-ATP cells. To examine
this question directly, ATP synthetis rates were assessed
by 31P magnetic resonance spectroscopy in alginate-
entrapped INS cells that were perifused in an NMR probe.
Unidirectional ATP synthesis was calculated by saturation
transfer of the g-phosphate of ATP (Jucker et al., 2000).
Basal ATP synthesis rates were similar for all three groups
of entrapped cells (Figure 7A). However, only control and
DSCS-GTP cells augmented ATP synthesis rates when
provided with 15 mM glucose. Instead of increasing ATP
synthesis rates beyond that of controls, glucose produced
only minimal response in DSCS-ATP cells. Thus, the lower
cellular levels of ATP are from decreased ATP synthesis
rather than increased ATP consumption.258 Cell Metabolism 5, 253–264, April 2007 ª2007 Elsevier IncDSCS-ATP cells have lower rates of ATP synthesis in
the setting of higher rates of mitochondrial oxygen con-
sumption and DJ utilization, suggesting other sites of en-
ergy usage in these cells. In contrast, DSCS-GTP cells
have normal oxygen consumption and ATP synthesis
but excess energy remaining in DJ. Another high-capac-
ity mechanism consuming DJ, aside from uncoupling to
produce heat, is the export of calcium from the mitochon-
drial matrix. The influence of mtGTP on glucose-stimu-
lated increases in mitochondrial calcium was measured
in INS EK-3 cells with mitochondrial-targeted aequorin
(Figure 7B) since mitochondrial calcium transport is es-
sential for GSIS (Kennedy et al., 1996). Glucose-stimu-
lated increases in mtGTP were similar between control
and DSCS-ATP cells, but DSCS-GTP cells had increased
mitochondrial calcium, suggesting that the calcium be-
came trapped in the matrix and could not be transported
out despite an increased DJ.
DISCUSSION
Mitochondria coordinate fuel metabolism with insulin se-
cretion. Here we present evidence that mtGTP is an im-
portant signal involved in mediating GSIS. Substrate-level
synthesis of mtGTP by SCS-GTP produces GTP at a rate.
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of GTP synthesis by reducing the expression of SCS-ATP
results in increased oxygen consumption and cytosolic
calcium with a concomitant increase in insulin secretion,
which is unassociated with an increase in the ATP/ADP ra-
tio or NAD(P)H. Conversely, if GTP synthesis is decreased
by silencing SCS-GTP, then oxygen consumption, ATP
synthesis, and NAD(P)H levels increase while cytosolic
calcium does not, leading to impaired GSIS. Taken to-
Figure 6. mtGTP Effects on Oxygen Consumption, NADPH
Oxidation, and DJ
(A) Oxygen consumption rates of suspended cells at 3 mM (white) and
15 mM (black) glucose following silencing of SCS (n = 14 basal; n = 5
stimulation). *p < 0.05; **p < 0.01; ***p < 0.001 versus control by
ANOVA unless otherwise indicated.
(B) Cellular NAD(P)H in response to 3 mM (white) and 15 mM (black)
glucose as measured by the ratio of NAD(P)H to tryptophan autofluor-
escence in suspended cells (n = 4).
(C) Mitochondrial membrane potential in response to 3 mM (white) and
15 mM (black) glucose as measured by the ratio of fluorescence of
TMRE (DJ) versus Hoescht 33342 (nuclear) (n = 14).Cgether, these data suggest that TCA-cycle-generated
mtGTP regulates insulin secretion by increasing cytosolic
calcium.
Glucose is the primary physiological secretagogue for
pancreatic b cells, and in this setting, glucokinase is the
rate-controlling step for GSIS. However, non-glycolyti-
cally derived fuels can support stimulated insulin secre-
tion, emphasizing the central importance of mitochondrial
metabolism. Mitochondria from rho0 cells lack mitochon-
drial DNA-encoded subunits of complexes I, III, IV, and
V and lack fuel-stimulated insulin secretion but not depo-
larization-induced insulin secretion, identifying a require-
ment of electron transport for GSIS (Kennedy et al.,
1998; Noda et al., 2002). Electron transport is necessary
but not sufficient for insulin secretion since cytosolic oxi-
dation of glycerophosphate (solely by providing FADH2
to complex II) failed to induce insulin secretion despite
generating DJ (Antinozzi et al., 2002; Maechler et al.,
1997). Mitochondrial oxidation of glycerophosphate or
succinate by the TCA cycle, however, can stimulate insulin
secretion, suggesting that another component besides
the transmembrane potential is necessary for this process
(Antinozzi et al., 2002).
Figure 7. mtGTP Alters the Balance between ATP Synthesis
and Mitochondrial Calcium Export
(A) In vivo ATP synthesis rates in entrapped and perifused control,
DSCS-ATP, and DSCS-GTP cells in 3 mM (white) and 15 mM (black)
glucose as determined by saturation transfer of natural-abundance
31P in the g-phosphate of ATP. *p < 0.05; **p < 0.01; ***p < 0.001 versus
the basal state in (A) and versus control in (B) by ANOVA (n = 6).
(B) Mitochondrial calcium concentration determined by aequorin lumi-
nescence in INS EK-3 cells in control, DSCS-ATP, and DSCS-GTP
cells following 15min of stimulation with 3 mM (white) or 15 mM (black)
glucose.ell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Inc. 259
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a signaling role for mtGTP in addition to GDH regulation.
While the energy of hydrolysis of the g-phosphate of
GTP and ATP is the same, in the cytosol, ATP tends to
behave more as a fuel (except in the allosteric regulation
of its own synthesis), whereas GTP tends to be involved
in cell signaling cascades (e.g., via G proteins). A notable
exception, somewhat unique to b cells, is the regulation of
the KATP/SUR channel by the ATP/ADP ratio, though cyto-
solic GTP and GDP may also have a role (Bokvist et al.,
1991; Dunne and Petersen, 1986). mtATP is primarily pro-
duced via oxidative phosphorylation prior to its rapid
transport in exchange for ADP. ATP synthesis rates are
proportional to oxidative phosphorylation but not neces-
sarily to TCA flux (e.g., diversion ofDJ for heat production
in brown adipose tissue). In contrast, mtGTP, in addition to
being independent ofDJ, is an isolated pool with only lim-
ited exchange with the cytosol. Little is known about the
mechanism of guanine nucleotide transport across the
mitochondrial inner membrane, but in cardiac myocytes,
it has been shown to be slow compared to ATP and
ADP and appears to be independent of the ATP/ADP
translocase (McKee et al., 1999, 2000). Yeast lack SCS-
GTP and have a mitochondrial GTP/GDP translocase,
but no homolog in higher organisms has yet been identi-
fied (Vozza et al., 2004). In addition, the nondiffusible
GTP pool frommouse islets accounts for only a small per-
cent of total cellular GTP (Detimary et al., 1996). Thus,
aside from the possibility of local or compartmentalized
fluctuations, GTP synthesized in the mitochondria by
SCS-GTP does not appear to contribute significantly to
the cytosolic GTP pool, and consequently, mtGTP may
exert its influence primarily within the confines of the mito-
chondrial matrix. This arrangement affords mtGTP at least
three advantageous properties favorable to being an im-
portant intramitochondrial signal for TCA-cycle activity:
(1) direct coupling to TCA-cycle flux, (2) independence
from cytosolic nucleotide pools, and, since GDP also
has slow exchange, (3) a greater dynamic range of the
GTP/GDP ratio.
The relevance of mtGTP to b cells is especially evident
with the evoked insulin response to a glucose challenge.
DSCS-ATP dramatically increased GSIS in both rat islets
and INS-1 832/13 cells, while DSCS-GTP dramatically de-
creased insulin secretion. Preserved oxygen consump-
tion, KCl-stimulated secretion, nucleoside triphosphate
levels, and NAD(P)H levels in DSCS-GTP cells indicate
that the lack of GSIS was from the loss of the mtGTP sig-
nal. This bidirectional response with respect to the SCS-
GTP/SCS-ATP ratio offers strong supporting evidence
that mtGTP is the operational signal observed in these
experiments.
Themore responsiveDSCS-ATP cells demonstrated in-
creased oxygen consumption and lower NAD(P)H levels,
consistent with increased fuel consumption and energy
expenditure. In contrast to the canonical KATP-dependent
pathway of insulin secretion, here we show that the
mtGTP signal leads to increased cytosolic calcium inde-
pendent of the ATP/ADP ratio. The unidirectional rate con-260 Cell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Incstant for ATP synthesis wasmeasured in living INS cells to
determine whether this lack of increase of ATP in DSCS-
ATP cells despite increased oxidation was due to both
increased ATP synthesis and metabolism or rather de-
creased ATP synthesis. The lack of a change in ATP
synthesis in the setting of increased fuel consumption
suggests that DJ was consumed by some energy-utiliz-
ing process involved with insulin secretion. KATP indepen-
dence was further demonstrated by enhanced GSIS in
the presence of diazoxide and depolarizing concentra-
tions of KCl.
Mitochondria require several crucial elements to inte-
grate fuel sensing with insulin secretion. First, mitochon-
drial metabolism by the TCA cycle via both direct and
anaplerotic (notably pyruvate carboxylation) pathways is
involved in the generation of some second messengers
(MacDonald et al., 2005). Second, this fuel must be me-
tabolized to deliver reduced NADH for oxidation to com-
plex I, as delivering reducing equivalents via the complex
II-dependent glycerophosphate shuttle fails to stimulate
insulin secretion (Antinozzi et al., 2002; Maechler et al.,
1997). Third, generation of DJ is required, and the degree
of hyperpolarization correlates tightly with insulin secre-
tion while proton uncouplers disrupt secretion (Antinozzi
et al., 2002). A portion of DJ is utilized by ATP synthesis
to close KATP channels and supply the cell’s energy needs.
Another portion of DJ drives calcium out of the matrix via
Na+-dependent and -independent shuttles in the inner mi-
tochondrial membrane. Finally, mitochondrial calcium up-
take and release correlate with and are essential for phys-
iologic insulin secretion (Kennedy et al., 1996; Kennedy
and Wollheim, 1998; Lee et al., 2003; Maechler et al.,
1997). Indeed, these studies found that mitochondrial cal-
cium increases in response to glucose are both earlier and
larger than those of calcium in the cytosol.
Matrix sequestration and release of calcium as well as
mitochondria-mediated interactions with plasma mem-
brane and ER calcium channels are well-established ef-
fectors of cytosolic calcium (Parekh, 2003; Rizzuto et al.,
2004). These DJ-dependent mitochondrial calcium fluc-
tuations are closely associated with insulin release (Ken-
nedy et al., 1996; Kennedy and Wollheim, 1998; Lee
et al., 2003). Matrix calcium is a known activator of TCA
dehydrogenases, and pharmacologic inhibition of mito-
chondrial calcium efflux increases both cytosolic and ma-
trix calcium as well as insulin secretion, while inhibition of
calcium influx inhibits insulin secretion (Lee et al., 2003;
Maechler et al., 1997). Mitochondrial calcium transloca-
tion also consumes DJ and is thus a candidate process
to account for the observed discrepancy between oxygen
usage and ATP synthesis. In DSCS-GTP cells, the in-
creased DJ and increased mitochondrial calcium sug-
gest that low mtGTP prevents efficient export of calcium
from the matrix. In DSCS-ATP cells where mtGTP is ele-
vated, increased oxygen consumption with a reduced
DJ and lower ATP production rates suggest that energy
may have been diverted from ATP synthesis to enhance
mitochondrial calcium export. The observations from
SCS silencing are consistent with an mtGTP-induced.
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ing. Consequently, mitochondrial calcium activation of
matrix dehydrogenases does not appear to be a primary
component of the mtGTP signal. The differential efficacies
of verapamil and nifedipine raise the prospect of RyR in-
volvement in mtGTP signaling. At present, the mechanism
for the mtGTP signal is unknown, and further work will be
needed to clarify how it regulates cytosolic calcium. Given
that ER calcium regulation by the RyR influences insulin
secretion, that both RyR and VDAC are localized to con-
tact sites between the mitochondria and ER, and that mi-
tochondrial calcium efflux may occur via the channel
formed between VDAC and the AAT, this is an attractive
mechanism to coordinate mitochondrial metabolism with
cytosolic calcium (Brdiczka et al., 2006; Hajnoczky et al.,
2002; Islam, 2002; Rapizzi et al., 2002; Szalai et al., 2000).
The metabolic relationship between glucose and
mtGTP in b cells is stoichiometric. A consequence of
this fidelity is that the energy of glucose metabolism can
be harnessed to drive proportionate insulin-releasing cal-
cium oscillations. This arrangement would have the ad-
vantage of allowing b cells to remain responsive to TCA
flux evenwhen there is a surfeit of energy andmetabolites.
Taken together, these findings describe a fundamental
role for mtGTP in coordinating mitochondrial metabolism
with glucose-stimulated insulin secretion.
EXPERIMENTAL PROCEDURES
Materials and Cell Culture
Fluorophores were purchased from Molecular Probes and all other
chemicals from Sigma unless otherwise specified. Protein measure-
ments were performed using BCA protein reagent (Pierce) in a 96-mi-
crowell format. Initial stocks of clonal INS-1 832/13 cells overexpress-
ing the human insulin gene were a kind gift from C.B. Newgard (Duke
University School of Medicine) (Hohmeier et al., 2000). Cells were cul-
tivated as monolayers in RPMI 1640 with 11.1 mM D-glucose supple-
mented with 10% (v/v) fetal bovine serum, antibiotics (10,000 units/ml
penicillin and 10 mg/ml streptomycin), 10 mM HEPES, 2 mM L-gluta-
mine, 1 mM sodium pyruvate, and 50 mM b-mercaptoethanol. EK-3
cells also had G418 at 150 mg/ml in the medium (Kennedy et al.,
1996). Islets were isolated from 250–300 g Sprague-Dawley rats by
standard procedures from the Yale University Diabetes Endocrine Re-
search Center core facility by collagenase digestion and hand picking
four times. Islets were cultured in 100 mm dishes with RPMI 1640 with
3 mM glucose, 10% fetal bovine serum, and antibiotics (10,000 units/
ml penicillin and 10 mg/ml streptomycin). Cultures were maintained at
37C under humidified (5% CO2, 95% air) conditions, and cells were
used between passages 10 and 60.
RNAi Transfections
Cells were transfected using RNAiFect (QIAGEN) per the manufac-
turer’s recommendation with the following ratios: 3–6 ml siRNA (20
uM), 9 ml transfection reagent, 100 ml buffer EC-R, and 1 ml of Opti-
MEM 1 with GlutaMAX (Invitrogen). Eight to twenty-four hours after
transfections, the culture medium was then changed back to RPMI
1640. Cells were used within 2–3 days following transfection. RNAi
complexes for islets were prepared with Gene Silencer (Genlantis) us-
ing 4.5–9 ml of siRNA (20 mM) and 18 ml of transfection reagent per ml of
culture medium per the manufacturer’s recommendation. Islets were
transfected following overnight culture by first transferring them to
Opti-MEM and overlaying transfection complexes. Eight to twelve
hours later, an equal volume of culture mediumwas added to the islets
and then used 24–36 hr following transfection. Transfection efficiencyCin INS cells was estimated to be reproducibly 90% in INS cells and
60% in islets with varying potency unique to each individual siRNA.
siRNAs were synthesized by QIAGEN with 50 dTdT overhangs as fol-
lows: DSCS-ATP #1 50-AAATGGTGCTGGCTTGGCTAT-30, #2 50-AA
GGTACACGAGTTGATGATG-30; DSCS-GTP #1 50-AAGGTGATGGT
TGCTGAAGCC-30, #2 50-CAGCAGATGATTGGTTATAAT-30. Control
luciferase GL2 duplex siRNA was purchased from Dharmacon.
mRNA Quantitation
Total RNA was extracted using RNeasy with RNase-Free DNase
(QIAGEN) from six-well plates or batches of 15–20medium-sized islets
following 2 days of transfection. Reverse transcriptase reactions were
performed separately on a PTC-100 Thermocycler (Bio-Rad) using
StrataScript reverse transcriptase (Stratagene) prior to real-time PCR
analysis on anOpticon 2 DNAEngine (Bio-Rad) using Quantitect Probe
PCR reagent (QIAGEN). All reactions confirmed a single product of the
expected size by agarose gel electrophoresis. Reaction efficiencies for
actin, SCS-ATP, and SCS-GTP were greater than 1.90. SCS isoform
mRNA levels were expressed as percent of actin (% actin =
[ESCS
C(t)SCS/Eactin
C(t)actin] 3 100) or as the DDC(t) normalized to actin,
where E is efficiency of the steady-state reaction and C(t) is the cycle
threshold. Primers were synthesized at the Yale University School of
Medicine HHMI/Keck Facility, and TaqMan internal fluorophore
quencher pairs were synthesized by Applied Biosystems as follows:
actin 50-CCAGATCATGTTTGAGACCTTC-30, 50-CATGAGGTAGTCTG
TCAGGTCC-30, 50-VIC-AGCCATGTACGTAGCCATCCAGGCT-TAM
RA-30; SCS-ATP 50-TGTGGTACGGTTACAAGGTACA-30, 50-ACAAC
CATTTTAGCAGCTTCAT-30, 50-FAM-TGCTAAGGCACTAATTGCAGA
CAGTGG-TAMRA-30; SCS-GTP 50-GAGGAAGAGGAAAAGGTGTC
TT-30, 50-TCTAGAAATATCCAGGGCTTCA-30, 50-FAM-ATCATCTGCT
GAGCCAGCTGTCCC-TAMRA-30.
Purine Nucleotide Measurements
Samples were dissolved in 50% acetonitrile with 10mM spermine, and
4 ml was injected into an API 3000 LC-MS/MS (PE Sciex) equippedwith
turbo ion spray and measured as previously described for cell lysates
(Cline et al., 2004). ATP, ADP, GTP, GDP, and taurine were simulta-
neously measured, and the signal was normalized to known standards
calibrated by their extinction coefficients.
Mitochondria Isolation
Cells from four confluent 100 mm dishes per condition were washed
with PBS prior to being scraped in ice-cold mitochondrial isolation
buffer (65 mM sucrose, 215 mM mannitol, 5 mM KH2PO4, 5 mM
KHCO3, 3 mM MgCl2, 5 mM HEPES [pH 7.4]). Cells were spun at
1,000 relative centrifugal force (rcf) for 5 min, and lysates were made
from the resuspended pellet with 40 strokes of a type B pestle in a 2
ml glass Dounce homogenizer. Lysates were centrifuged for 3 min at
1,800 rcf, and the supernatant was centrifuged at 10,800 rcf for an
additional 3 min. The mitochondria-enriched pellet was again resus-
pended in isolation buffer, and low- and high-speed spins were
repeated.
SCS Enzyme Activities
Mitochondria were disrupted by hypotonic swelling in 20 mM HEPES,
3 mMMgCl2, and 0.2 mM taurine (pH 7.4). To maintain internal consis-
tency, mitochondria from the same pool were assayed for both SCS
isoform activities in the reverse direction. Reactions were started
with the addition of mitochondrial extracts to prewarmed reaction
buffer (37C) for final concentrations of 10 mM succinate, 500 mM co-
enzyme A, and 500 mM ATP or GTP. Aliquots were collected at spec-
ified time intervals and quenched in ice-cold 50% acetonitrile with
0.05% trifluoroacetic acid and 10 mM spermine. Reaction rates were
measured by LC-MS/MS as the appearance of succinyl-CoA in nega-
tive-ion mode selecting for the mass minus 1 Da of the intact molecule
in the first quadrupole and the 408.3 Da fragment in the last quadru-
pole. Data were normalized to the taurine standard and expressed
either in arbitrary units per minute or as ratios of GTP to ATP activity.ell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Inc. 261
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The rates of accumulation of ATP and GTP were measured simulta-
neously in intact mitochondria supplied with 10 mM succinate and
500 mM ADP and GDP. Reactions were initiated with the addition of
succinate, ADP, and GDP to intact mitochondria preincubated in mito-
chondrial isolation buffer containing 200 mM taurine (internal standard)
with 10 mg/ml oligomycin and 100 mM DNP. Aliquots were quenched
with ice-cold 50% acetonitrile. Succinate was used as an anaplerotic
substrate for these reactions (requiring forward metabolism via the
TCA cycle to produce succinyl-CoA) (MacDonald et al., 2005). The
combination of oligomycin with an uncoupler avoids altering NADH/
NAD and ATP/ADP ratios (LaNoue et al., 1972; LaNoue and William-
son, 1971). Succinate as substrate activates succinate dehydroge-
nase and allows the SCS step to be rate limiting for treated and
untreated mitochondria (Kearney, 1957). Mitochondrial GDP uptake
is slow in comparison to ADP but was not rate limiting under these re-
action conditions. Individual reaction rates were calculated as the per-
cent production of NTP from NDP per minute (100 3 (DNTP/(NDP +
NTP))/Dt) under steady-state conditions as measured by LC-MS/MS
and reported as the ratio of individual isoform activities or absolute
activities in arbitrary units.
Insulin Secretion
Confluent cells in six-well plates were washed with PBS and preincu-
bated in KRBH (129 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 2mMCaCl2, 20mMHEPES, and 24mMNaHCO3 gassedwith
95% O2/5% CO2) with 0.2% bovine serum albumin (96% fatty-acid-
free) and 3 mM dextrose for 2 hr. Medium was then changed to
KRBH with additions as specified and incubated for indicated times.
The NaCl concentration was reduced accordingly when depolarizing
with KCl to maintain osmolarity. Nifedipine, verapamil, or diazoxide
cells were preincubated for 15min in basal glucose prior to stimulation.
Fractions were collected on ice and spun at 1,800 rcf for 5 min at 4C.
The remaining medium was aspirated, cells were washed twice with
PBS, and 1 ml of ice-cold 0.1% Triton X-100 was added. Cell lysates
were collected and assayed for protein. siRNA-transfected islets
were transferred to KRBH with 2.5 mM glucose and incubated for
2 hr. Ten to twelve islets per well were then transferred to freshmedium
with 2.5 mM glucose, and a t = 0 sample was immediately collected.
Following a 45 min incubation, a second aliquot was taken, and a vol-
ume of KRBH equal to that remaining was added to bring the glucose
concentration to 15 mM. Following the second 45 min incubation, me-
dia and islets were separately collected. Basal secretion was the differ-
ence between time 0 and 45 min. Stimulated secretion was the differ-
ence between the insulin at 90 min and at the 45 min time point 3 0.5.
Insulin was measured by immunoassays in 96-well plates (ALPCO
Diagnostics).
NAD(P)H Measurements
Transfected cells were grown in T150 flasks to confluence, trypsin di-
gested, and quenched with medium containing 10% FBS. Cells were
then pelleted at low speed and washed twice in KRBH with 3 mM glu-
cose. Cells were diluted into buffer containing 3 mM or 15 mM glucose
and allowed to equilibrate for 30 min in a 37C water bath. Autofluor-
escence wasmeasured on a Hitachi F-3010 fluorescence spectropho-
tometer equipped with temperature control with 280 nm (5 nm band-
pass) excitation and 348 nm (5 nm band-pass) emission for tryptophan
and 340 nm (10 nm band-pass) excitation and 470 nm (20 nm band-
pass) emission for NAD(P)H.
Mitochondrial Membrane Potential and CalciumMeasurements
Cells were grown to confluence in 96-well plates and read on a Victor3
multilabel plate counter (PerkinElmer). For membrane potential mea-
surements, cells were incubated in KRBH with 3 mM glucose and la-
beled with 0.1 ng/ml Hoechst 33342 for 30 min in the incubator. The
mediumwas changed to either 3 mM or 15mM glucose and incubated
another 30 min. TMRE was then added to the wells to a final concen-
tration of 1 pM and incubated an additional 15 min before immediately262 Cell Metabolism 5, 253–264, April 2007 ª2007 Elsevier Increading at 355 nm excitation and 460 nm emission for Hoechst 33342
and 570 nm excitation and 620 nm emission for TMRE. For static cyto-
solic calcium measurements, fura-2 AM was loaded into INS cells for
45 min in basal medium with 1 mM probenecid to prevent cellular ex-
trusion in the presence of glucose (Arkhammar et al., 1989). Following
twowashes, cells were incubated for 15min in 3mMor 15mMglucose
and immediately read with excitation at 340 and 380 nm and emission
at 510 nm (Chroma Technology Corp.). Concentrations were calcu-
lated using an intracellular Kd of 280 nM with cells incubated in
0.01% Triton X-100 with either 3 mM EGTA or 1 mM CaCl2. Kinetic
measurements were performed at room temperature following the ad-
dition of basal or stimulatory glucose, with measurements every 100 s
for 340 and 380 nm excitations. Static mitochondrial calciummeasure-
ments were obtained using EK-3 cells (Kennedy et al., 1996) loaded
with coelenterazine hcp reconstituted in 2-hydroxypropyl-b-cyclodex-
trin at 1 mg/ml in basal KRBH for 45 min before changing medium to
basal or stimulatory glucose for 15 min. Luminescence was read
immediately for 2 s per well.
Oxygen Consumption
Cells from three to four confluent wells of a six-well plate were col-
lected by trypsinization, washed, resuspended in KRBH with 3 mM
glucose, stained with trypan blue, andmanually counted. Oxygen con-
sumption was measured as previously described using 5–7.5 3 106
cells in airtight 650 ml custom-made titanium chambers (Instech Labo-
ratories) maintained at 37C (Papas and Jarema, 1998). Cells were
suspended by stirring, and glucose was added without the addition
of any outside air. Oxygenation was detected with fiber-optic probes
impregnated with a sodium-hydrosulfite-calibrated fluorophore
quenched by oxygen and detected with a Model 210 Fiber Optic Ox-
ygen Monitor (Instech), and data were collected and processed by
Ocean Optics OOI Sensor version 1.00.08.
NMR Studies of Mitochondrial ATP Production
An Avance 500 NMR spectrometer (Bruker BioSpin) was used with the
bioreactor placedwithin the bore of a 10mmdual-channel broad-band
probe. Cell viability was determined by measuring ATP and intracellu-
lar Pi concentrations and pH from the
31P-NMR spectrum of the en-
trapped cells. Pi concentrations of control and SCS-silenced cells
were similar for basal and stimulatory measurements. ATP synthesis
rates were determined by 31P-NMR saturation-transfer techniques
and calculated from the change in intensity of Pi when the g-PO4 of
ATP was irradiated with a frequency-selective radiofrequency pulse
and the T1 relaxation time of Pi during g-PO4 saturation similar to
that described in skeletal muscle (Jucker et al., 2000). Control spectra
with the saturation pulse centered equidistant downfield from Pi were
interleaved with the g-PO4 saturation pulse. Since unidirectional rate
constants cannot be negative, a minimum rate of 0 was given to any
negative rates that arose as a consequence of baseline noise, which
did not change the relative differences between basal and stimulated
states. A drop in the unidirectional rate constant in the presence of
DNP confirmed the lack of an artifact from contributions to apparent
ATP synthesis by glyceraldehyde-3-phosphate dehydrogenase and
phosphoglycerate kinase.
Perifusion Protocol
Entrapped cells were perifused in the bioreactor in the bore of the NMR
spectrometer. 31P-NMR spectra were acquired during step changes in
metabolic substrates and inhibitors and were collected in 20 min ex-
periments for each substrate level. Substrate concentrations werema-
nipulated by addition of substrate to the perifusate reservoir, thereby
ensuring thorough mixing and temperature and oxygen equilibration
of the medium before reaching the bioreactor.
Bioreactor/NMR Spectrometer
To achieve the high cell density necessary for adequate signal/noise
ratio at reasonable time intervals, we used a packed-bed perifusion
bioreactor loaded with either phantom alginate beads or alginate
beads with entrapped cells. The perifusion system was equipped
with a combined heat and gas exchanger for temperature and oxygen.
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concentration measurements. Oxygen partial pressures were mea-
sured using a Clark-type polarographic oxygen sensor. These features
enabled the maintenance and monitoring of well-oxygenated cells
within the bore of the NMR spectrometer at physiological pH and
temperature.
Alginate Encapsulation Procedure
Cells were entrapped in alginate beads 3 mm in diameter. Beads
were prepared by nebulization of a homogeneous alginate (3% w/v)
cell suspension (108 cells/ml) into a 1.1% BaCl2 solution, where po-
lymerization of the alginate entraps the cells in a matrix that allows free
diffusion of soluble compounds and proteins. The beads were incu-
bated in a sterile spinner flask until ready for use. The mild conditions
of the entrapment procedure yielded beads that contained highly via-
ble and functional cells. Between 60 and 80 beads were used for each
experiment, for a total of approximately 3 3 107 cells per experiment.
Nucleotide concentrationswere reported asmM for the entire sampled
volume (including both extra- and intracellular volumes) and not as the
intracellular concentrations.
Statistics and Data Analysis
All data are reported as mean ± SEM. Unpaired two-tailed Student’s t
tests, one-way ANOVA with a Tukey’s post hoc test, and two-way
ANOVAwith Bonferroni post hoc tests were performed using the Prism
software package version 4 (GraphPad). Differences were considered
statistically significant at p < 0.05.
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